Introduction
Reviews instrumentation. On the other hand, an analytical method based on enzyme-linked immunosorbent assay (ELISA) using a microtiter plate with relatively simple instrumentation would be promising for environmental analysis. However, the ELISA method involves many laborious and time-consuming procedures including multiple washing and the addition of sample and reagents.
A sequential injection analysis (SIA) technique which was introduced by Ruzicka et al. is useful analytical technique that can be combined with ELISA procedures. [1] [2] [3] SIA is a type of flow analysis that is simpler than flow injection analysis (FIA); the consumption of reagents and generation of wastes are less than those for FIA. In the SIA system, the washing, separation of bound-free antibody and the addition of reagent solution for ELISA procedures, can be automated by using a computer-controlled syringe pump and a switching valve. In fact, Ruzicka et al. demonstrated that this combined technique is effective for automation of the ELISA method, in which microbeads immobilized with antibodies are used for immunoreaction supports (so-called beads injection technique). [4] [5] [6] [7] This review focuses on sequential injection immunoassay systems for environmental measurements, especially those developed by our group. The systems are classified according to their target analyte and are subdivided based on their sensing principles.
Sequential Injection Immunoassay for Vitellogenin
Vitellogenin (Vg) is a female specific phospholipoprotein synthesized by female fish and should not be present in normal male fish. However, when male fish are exposed to estrogen or estrogenic endocrine disrupting chemicals (EDCs), significant amounts of Vg are found in male fish. Vg in male fish thus represents a biomarker for evaluating environmental risk caused by EDCs. 8, 9 Here, some sequential injection immunoassay systems for Vg are constructed.
2·1 Spectrophotometric determination
For the first step, spectrophotometric determination of carp Vg based on sequential injection immunoassay was investigated. 10 Figure 1a shows the schematic illustration of the SIA flow system with beads injection. The determination of carp Vg is based on a sandwich immunoassay including two types of immunoreactions between anti carp Vg antibodies and carp Vg. The antibody for the first reaction step was immobilized on microbeads (Sephadex beads) via protein A, and an antibody labeled with a horseradish peroxidase (HRP) was used in the second step of the reaction. A solution of o-phenylenediamine (OPD) containing hydrogen peroxide was used as the source of the chromophore. Figure 1b shows the schematic illustration of sandwich immunoassay of Vg based on spectrophotometric determination.
The microbeads-immoblized antibody, Vg analyte, HRP-labeled antibody and the color developing solution were introduced automatically into a jet ring cell 11, 12 in a sequence programmed for the SIA system. In the jet ring cell, one optical fiber is used for introducing the light from the tungsten lamp light source and the other fiber is used for detecting the light transmitted through the cell by a spectrophotometer. The sepharose beads can be trapped (Fig. 2a) and released (Fig. 2b) by controlling the small gap between the outlet of the cell and the one optical fiber in the jet ring cell. Based on the monitoring of absorbance of the oxidized OPD product, the amount of Vg was successfully determined. The detection limit of this system was about 5 ppb.
2·2 Chemiluminescence determination
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RuiQi ZHANG received the MS degree from Kyushu University. She was a Doctor course student of Kyushu University (no photograph). our group tried to apply magnetic microbeads 13, 14 for easy trapping of microbeads for the immunoreaction. In addition, we decided to use chemiluminescence determination for improving the detection limit of the immunoassay system. 15 Figure 3 shows the immunoreaction cell for magnetic microbeads injection technique based on chemiluminescence determination. Magnetic microbeads immobilized by antibodies can be trapped in the immnoreaction cell by the magnet (Fig. 4a) . By moving the magnet downward, the magnetic microbeads can be released (Fig. 4b) . The upward or downward shift of the magnet was controlled with a solenoid using an electric power source, supplied with the SIA system. The immobilization of the first antibody for the sandwich immunoassay on the magnetic beads was done by a coupling reaction. First, magnetic microbeads, whose surfaces are coated with agarose gel, were activated by epichlorohydrin, then, the microbeads were combined with antibodies through the formation of amide bonds. Since a luminol-hydrogen peroxide system is useful for high sensitive flow analysis based on chemiluminescence, 16 the system combined with a sensitizer, p-iodophenol 17 was utilized in this system. The lower detection limit of this system was about 2 ppb. In addition, the optimal incubation time for the first and second immunoreaction was found to be 20 min. This is a relatively shorter incubation time than that for spectrophotometric determination system, in which it takes 2 and 1 h for the first and second immunoreactions, respectively.
2·3 Electrochemical determination
Electrochemical detection is as sensitive as chemiluminescence detection; furthermore, the detection could be combined with a multi-channel detection system due to its low instrument cost, compared with chemiluminescence detection. [18] [19] [20] [21] Therefore, our group also tried to construct an electrochemical immunoassay system using magnetic microbeads. 22, 23 In the previous work based on the chemiluminescent detection, magnetic microbeads coated with agarose gel were used. 15 However, it was found that magnetic microbeads coated with a polylactic acid are more advantageous because they display a rapid immunoreaction rate, which may be due to the fact that the polymer layer is thin and the diffusion processes of Vg or of the secondary antibody in the polymer film are not to be the rate-determining step. Therefore, we decided to apply the polylactic acid-coated microbeads for achieving more rapid assay. Figure 5 shows the schematic illustration of flow cell used in the electrochemical immunoassay. In this case, magnetic microbeads immobilized with anti-Vg antibodies, which were prepared by coupling reactions between first antibodies and the carboxylic surface of the magnetic microbeads, were introduced into the immunoreaction cell. 22 After the introduction of Vg solution into the cell, a solution of an alkaline phosphatase (AP)-labeled anti-Vg antibody (second antibody) was introduced. Then, p-aminophenyl phosphate (PAPP), which is a substrate of AP, were introduced into the immunoreaction cell where valve 1 and 2 are opened and closed, respectively. A protocol of the sandwich immunoassay based on the present method is shown in Fig. 6 . As the result of enzymatic reaction of PAPP, p-aminophenol (PAP) was produced, introduced into the holding coil, and tentatively kept there. After closing valve 1 and opening valve 2, the microbeads in the immunoreaction cell were discharged through valve 2. Finally, after closing valve 2 and opening valve 1, the product in the holding coil was introduced into a flow cell of an amperometric detector. Figure 7 shows the calibration curve for Vg, in which the peak current was plotted against the logarithm of the concentration of Vg in the sample solution. The lower detection limit of this system was around 2 -3 ppb and the total detection time for immunoassay was shortened because the incubation times for first-and second-immunoreaction were optimized at 150 and 200 s, respectively.
The above-mentioned sandwich immunoassay has high sensitivity. In addition, it has good selectivity because target Vg can be recognized by both the primary and the secondary antibodies. However, the process of the sandwich immunoassay is somewhat tedious because it requires two step immunoreactions on the microbeads. Therefore, we tried to expand this system to competitive immunoassay. 23 In the competitive immunoassay, magnetic beads, which are preliminarily immobilized with Vg, were introduced and trapped in the immunoreaction cell. Then, analyte Vg, which was preincubated with the AP-labeled anti-Vg antibody at a constant concentration, was introduced into the immunoreaction cell. As a result, competitive immunoreaction between the AP-labeled anti-Vg antibody and Vg in the incubation solution or Vg immobilized on the magnetic microbeads would proceed (Fig. 8) . In this case, the incubation time for the immunoreaction was only 150 s. After the immunoreaction cell was washed, PAPP solution was introduced into the immunoreaction cell. The PAP product solution derived from the enzymatic reaction was then introduced into the holding coil, and next transported to the amperometric detector, after flushing out the beads from the immunoreaction cell. The low detection limit of this system, which is defined as 85% inhibition, was 10 ppb. This value is slightly higher than that obtained by the previous sandwich immunoassay (2 -3 ppb) . However, the time for procedure is shorter than the previous sandwich method, because the sandwich immunoreaction is omitted in the competitive method.
Sequential Injection Immunoassay for Surfactants
The pollution of environmental water by linear alkylbenzene sulfonates (LAS), which are widely used as anionic surfactants, has created serious environmental problems, such as the destruction of the hydrosphere environment for fish and other living things. [24] [25] [26] On the other hand, alkylphenol polyethoxylates (APEO), which are important classes of nonionic surfactants, have also induced a serious problem because their subsequent biological degradation to alkylphenol derivatives makes them candidates for acting as endocrine-disrupting chemicals. 27, 28 Here, some sequential injection immunoassay systems for these surfactants are described.
3·1 Chemiluminescence determination
First, chemiluminescence determination with high sensitivity was introduced for the sequential injection immunoassay for LAS. 29 In this case, magnetic microbeads were immobilized with anti-LAS antibody, and a slurry of the magnetic microbeads was introduced in the immunoreaction cell equipped with a neodymium magnet. The immunoassay was based on a competitive immunoreaction of an anti-LAS monoclonal antibody on the magnetic beads and the LAS sample and HRP-labeled LAS (Fig. 9) . In the reaction process, each sample solution containing LAS at various concentrations and an HRP-labeled LAS solution at the constant concentration (500 ppb) was introduced into the flow cell. Chemiluminescent reagent containing luminol and hydrogen peroxide with p-iodophenol was used in this system. A typical calibration curve for competitive immunoassay was obtained when the logarithm of the concentration of LAS was plotted against the chemiluminescence intensity using various concentrations of standard LAS sample under optimum conditions. The time required for analysis is less than 15 min and the minimum detectable concentration of LAS, which is defined as 85% inhibition, was 25 ppb.
Next, we expand the chemiluminescence determination system for LAS to APEO. 30 Here, anti-APEO antibody was used in place of anti-LAS antibody. On the other hand, the same chemiluminescent reagent containing luminol, hydrogen peroxide and p-iodophenol was used in this system. A typical calibration curve for competitive immunoassay was also obtained in this case, when the logarithm of the concentration of APEO was plotted against the chemiluminescence intensity as the number of photons in 100 ms using standard APEO sample solutions at various concentrations under optimum conditions. The lower detection limit defined as IC80 is ca. 10 ppb and the time needed for analysis is less than 15 min per a sample. Furthermore, this analytical system was successfully applied to the determination of APEO in river water.
3·2 Surface plasmon resonance determination
A surface plasmon resonance (SPR) sensor is a sensitive analytical tool, especially for bioanalytical assays that are based on immunoreactions. [31] [32] [33] [34] [35] The SPR sensor has many advantages because of its ability to monitor chemical or biological recognition events in real time without the need for labeling with an enzyme or a dye, which are used in spectrophotmetric or chemiluminescence determination in ELISA. Therefore, we tried to develop a rapid and sensitive method for the determination of APEO based on a new system in which SIA and SPR are combined.
36 Figure 10 shows a portable type SPR sensor (DSPR-200, Mebius Advanced Technology Co., Japan) 37 used in this study (the detailed structure can be found in Ref. 37 ). This sensor was connected with a flow controller (PRO-6000, Yabegawa Electric Industry Ltd., Japan) for automatic injection of samples. The analytical method here is based on a competitive reaction between an anti-APEO antibody in the same solution and APEO immobilized on a sensor chip and APEO in the same sample solution. The sensor chip was prepared by physical adsorption of APEO-horseradish peroxidase (APEO-HRP) conjugate to the thin gold film. Based on the Langmuir adsorption isotherm equation, the adsorption constant for the APEO-HRP conjugate on the sensor chip was estimated to be 4.7 × 10 5 M -1
. On the other hand, the affinity constants for the immunocomplexes of the anti-APEO antibody with the APEO conjugate on the sensor chip and for APEO in the sample solution were estimated to be 2.0 × 10 6 and 5.1 × 10 6 M -1
, respectively. A typical calibration curve for competitive immunoassay was obtained; the detection limit, which is defined as 85% inhibition, was ca. 10 ppb. Furthermore, APEO levels of ca. 50 ppt were successfully determined when the assay was applied to the determination of APEO in tap water in conjunction with a solid phase extraction pretreatment.
Sequential Injection Immunoassay for Other Analytes
Sequential injection immunoassay for other analytes has also been reported. For example, an SIA system utilizing monoclonal antibody for herbicides such as atrazine was reported. 38 In this report, a mixed solution of 3,3′,5,5′-tetramethylbenzidine (TMB) and hydrogen peroxides was used for spectrophotometric detection. An SIA system for monitoring 3,5,6-trichloro-2-pyridinol, a potential insecticide biomarker, was also developed. 39 In this case, electrochemical immunoassay was performed based on the electroactive enzymatic product produced by the reaction of TMB-hydrogen peroxide in the presence of HRP. On the other hand, flow immunoassay systems for the sensitive detection of botulinum toxin were proposed based on a unique flow cell named a rotating rod flow cell. 40, 41 Other SIA systems for monitoring aflatoxin B1 42 and biowarfare agents 43 have been reported.
Conclusions
In this review, sequential injection immunoassay for environmental measurements is described. Vitellogenin, a biomarker for environmental risk caused by EDCs, was successfully monitored by sequential injection immunoassay system based on spectrophotometric, chemiluminescence or electrochemical determination. Surfactants which are related to the pollution of environmental water were also analyzed by a flow system based on chemiluminescence or surface plasmon resonance determination. SIA is a promising method for the immunoassay of analytes, since many of the analytical processes needed for its determination can be completed automatically in a flow system. We are trying to expand our system for the rapid and sensitive determination of a variety of analytes, with a view to simultaneous analysis of multicomponents.
